Calcium in millimolar concentrations protected rabbit erythrocytes from hemolysis caused by staphylococcal alpha-toxin. This effect was maximal at 30 mM CaC12 and required the continued presence of calcium. The protection was not absolute and could be overcome by increased concentrations of alpha-toxin. Calcium did not block the binding of alpha-toxin to erythrocytes but inhibited the alpha-toxin-induced release of small ions from the cell as measured by 86Rb release. The transient removal of calcium was sufficient to abrogate its protective effect, suggesting that its action involves a reversible alteration in the state of the membrane. The three steps of the alpha-toxin-induced hemolytic sequence are: (i) binding to specific receptors, (ii) formation of transmembrane pores, and (iii) cell lysis. We concluded that calcium acted at step ii by impeding the lateral movement of alpha-toxin necessary to form the transmembrane hexamer pores.
Staphylococcal alpha-toxin is an extracellular protein excreted by most pathogenic strains of Staphylococcus aureus. It is selectively hemolytic, dermonecrotic, and lethal for most laboratory animals. Hemolysis in rabbit erythrocytes (RBCs) involves a three-step sequence: (i) binding of alphatoxin to specific receptors, (ii) damage to the membranes resulting in leakage of small ions, and finally (iii) lysis of the cell (5, 8, 9, 11, 13, 18) . Studies of the lytic process with resealed rabbit RBC ghosts have demonstrated that steps i and ii proceed normally, but that step iii, membrane lysis, does not occur (2) . This observation raises the possibility that cell lysis may require disruption of the cytoskeleton of the cell as a precondition for cell hemolysis. The report of the presence in RBCs of a calcium-dependent neutral protease, Calpain, which cleaves band 4.1 of the cytoskeleton (19) , led us to undertake a study of the effects of calcium ions on the hemolytic process. We demonstrate here that calcium ions in millimolar concentrations inhibited the hemolysis of rabbit RBCs and suggest that this inhibitory mechanism involves step ii of the hemolytic sequence, the formation of transmembrane pores. No support for a role for Calpain in the lytic process was obtained.
MATERIALS AND METHODS
Staphylococcal alpha-toxin was prepared by the pore glass procedure (7) and had a specific activity of 30,400 hemolytic units per milligram of protein. Rabbit RBCs were freshly drawn and dispersed in Alsevers solution, and the cells were washed three times in Tris buffer solution (TBS) (0.14 M NaCl, 0.02 M Tris [pH 7.4]) immediately before use. The calcium ionophore A23187 was a gift from Peter Reed. Analytical-grade calcium and other salts were from MCB (Norwood, Ohio). Radioactive 86Rb was from New England Nuclear Corp. (Boston, Mass.), and had a specific activity of 3.91 mCi/mg.
Hemolytic assays were done both by the hemoglobin release procedure described by Bernheimer and Schwartz (6) and by continuous measure of the reduction in the turbidity procedure. In this procedure, the rabbit RBC suspension was adjusted to give an optical density at 660 nm (OD660) of 1 was monitored for the next 30 min. The concentration of alpha-toxin we used resulted in approximately 50% lysis of the control suspension of rabbit RBCs over the observation period. The assay was highly reproducible, and repeated measurements (n = 7) of the same stock of alpha-toxin with control rabbit RBCs, beginning with an ODw of 1.00, gave a mean value of 0.558 + 0.011 after 30 min of incubation. The inclusion of CaCl2 in the preincubation and assay media both extended the lag time of the lytic event and reduced the extent of lysis measured at 30 min (Fig. 1) (Fig. 2) .
To determine whether exposure of the cells to calcium rendered them totally resistant to alpha-toxin, their response to increasing concentrations of alpha-toxin was tested. Suspensions of rabbit RBCs in TBS (pH 7.4) were preincubated for 30 min at 23°C with 50 mM CaCl2. To 2.0-ml aliquots of cells, alpha-toxin was added at 0.04, 0.08, 0.12, 0.24, and in the hemolytic sequence affected by calcium was an intermediate one occurring after alpha-toxin binding and before cell lysis. Effect of calcium on alpha-toxin-induced ion release from rabbit RBCs. An intermediate step in the hemolytic sequence induced by alpha-toxin is the damage to the membrane leading to leakage of small ions (8, 9, 11, 12, 13) . To measure the effect of calcium on this step of the reaction, rabbit RBCs were prelabeled with 86Rb by incubating 1.0 ml of a 50% cell suspension with 1.3 x 108 cpm of 86RbCl at 23°C for 1 h. The cells were washed twice with 30-ml volumes of TBS and resuspended to 1% (vol/vol) in TBS. Under these conditions, 1.9 x 107 cpm (approximately 14%) of the added 86RbCI was retained by the cells. Spontaneous and specific release of 86Rb was measured by counting samples of the supernatant after pelleting the cells for 2 min in a Beckman Airfuge. Radioactivity was measured by adding the test samples, usually 10 ,ul, to 10 ml of Aquasol A, and the samples were counted with a Beckman LS-233 scintillation counter. As expected, incubation of the labeled cells with alpha-toxin for 20 min at 23°C resulted in the release of the 86Rb ions. In contrast, no additional release of radiolabeled ions beyond the spontaneous rate was observed when the incubation was conducted in the presence of 30 mM CaCI2, either with or without the presence of alphatoxin. The calcium effect was not due to nonspecific suppression of ion release, as demonstrated by incorporating the ionophore A23187 at a final concentration of 4 puM. The ionophore induced the release of 86Rb, and the addition of CaCl2 had no effect on the efflux of the radiolabeled ions (Table 2) . Thus, calcium appears to specifically prevent alpha-toxin-mediated ion release from rabbit RBCs. It is interesting that the presence of the ionophore neither affected the sensitivity of the cells to hemolysis by alphatoxin, nor altered the protective effect exerted by CaCI2 (data not shown). Since the ionophore A23187 is known to facilitate the influx of exogenous calcium into the cell (21) , its failure to modify the hemolytic sequence suggests that the intracellular accumulation of calcium is not essential and supports the view that calcium exerts its protective effect by a direct action on the RBC membrane (17) .
DISCUSSION
Calcium in millimolar concentrations protected rabbit RBCs from hemolysis caused by staphylococcal alpha-toxin. Interestingly, the protection afforded by calcium followed a linear relationship when concentrations of up to 30 mM CaCl2 were used, but above this level the effect was maximal ( Fig. 1 and 2 ). The effect of calcium on the hemolytic sensitivity to alpha-toxin was neither absolute nor irreversible. Increasing the concentration of alpha-toxin could overcome the protective action of calcium, and analysis of the data indicated that exposure to calcium rendered the rabbit RBCs approximately threefold more resistant to alpha-toxin (Fig. 3) .
Recently, several actions of calcium on RBCs have been reported and reviewed (20) . The activation of several endogenous enzymes occurs when cytoplasmic levels of calcium are increased. A calcium-activated lipase that cleaves phosphoinositides into 1,2-diacylglycerol and inositol phosphates has been demonstrated in rabbit and human RBCs (1) . A transamidase that cross-links various membrane proteins and may play a role in calcium-induced increases in membrane rigidity has been reported (15, 16) , and the presence in RBCs of the calcium-dependent protease Calpain has also been recently documented (19) . Several experiments reported here bear on the role that these various calcium-dependent functions may play in the protective effect of calcium on alpha-toxin-induced hemolysis. The data clearly demonstrated that calcium did not interfere with the binding of alpha-toxin to the specific receptors because the removal of calcium permitted the hemolytic process to proceed normally (Table 1) . Furthermore, the addition of calcium late in the hemolytic process failed to suppress hemolysis. Thus, calcium appeared to exert its protective effect at an intermediate step in the hemolytic sequence. A known intermediate step in this sequence is the damage to the membrane, the extent of which can be measured by the release of small ions from the cell (2, 8, 11, 13) . When alpha-toxin-induced ion release was measured by an induced release of 'Rb, a potassium ion analog, the presence of 30 Taken together, the data suggested that the protective effect of calcium against alpha-toxin-induced hemolysis of rabbit RBCs was due to a direct effect on the fluidity of the membrane. According to this hypothesis, alpha-toxin would first attach to specific receptors on the membrane to form an alpha-toxin receptor complex. These complexes would then move laterally in the plane of the membrane to form stable hexamer arrangements, which either cause or are themselves functional transmembrane pores (8, (11) (12) (13) . Calcium in this model would impede the formation of hexamer pores by decreasing the mobility of the complexes within the membrane. If hexamer pores are permitted to form either by the delayed addition of calcium or by the transient removal of calcium, the inhibitory effect of calcium would be lost, and the cells would lyse.
The mechanism of protection by calcium reported here differed in several ways from the reversible inhibition of alpha-toxin induced hemolysis of rabbit RBCs observed with zinc ions. With zinc, the protective effect occurs at much lower concentrations, nearing the maximal point at a 1 mM concentration. More significantly, the primary effect appears to be an interference with toxin binding to the cell (3, 4, 22) . In contrast, calcium protection was maximal at 30 mM and did not appear to interfere with alpha-toxin binding, but with a later step in the hemolysis sequence, the formation of transmembrane pores, which resulted in loss of ions from the cell. In this sense, the effect of calcium was nonspecific and should affect other receptor-mediated, pore-forming hemolysins, such as aerolysin (14) and phallolysin (10) , in the same way. The detailed mechanism of the transmembrane pore formation remains to be determined.
